Summary
Overexploitation is one of the principal threats to coral reef diversity, structure, function, and resilience [1, 2] . Although it is generally held that coral reef fisheries are unsustainable [3] [4] [5] , little is known of the overall scale of exploitation or which reefs are overfished [6] . Here, on the basis of ecological footprints and a review of exploitation status [7, 8] , we report widespread unsustainability of island coral reef fisheries. Over half (55%) of the 49 island countries considered are exploiting their coral reef fisheries in an unsustainable way. We estimate that total landings of coral reef fisheries are currently 64% higher than can be sustained. Consequently, the area of coral reef appropriated by fisheries exceeds the available effective area by w75,000 km 2 , or 3.7 times the area of Australia's Great Barrier Reef, and an extra 196,000 km 2 of coral reef may be required by 2050 to support the anticipated growth in human populations. The large overall imbalance between current and sustainable catches implies that management methods to reduce social and economic dependence on reef fisheries are essential to prevent the collapse of coral reef ecosystems while sustaining the well-being of burgeoning coastal populations.
Results
Overall, 55% of coral reef fisheries in 49 island countries are unsustainable-according to either their ecological footprint or their exploitation status (Figure 1 and 2) . One-third (17 of 49) of the islands have unsustainable ecological footprints (>1), assuming a maximum sustainable yield of 5 mt $ km
22
$ yr 21 ( Figure 2 ). The proportion of islands with unsustainable footprints ranges from 18% to 71% under optimistic and pessimistic sustainable-yield scenarios, respectively. Nearly half (23 of 49) are categorized as overexploited or collapsed ( Figure 2 ). Most under-or fully exploited islands (23 of 26) also had sustainable ecological footprints of <1, suggesting that both measures of sustainability are consistent ( Figure 2 ). These 49 island nations landed 964, 154 mt $ yr 21 of coral-reef-associated fishes, crustaceans, and molluscs, which is 375,154 mt $ yr 21 or 64% greater than the estimated sustainable yield (see Table  S5 in the Supplemental Data available online). The combined global coral-reef-fisheries footprint across the study islands is 1.64. This implies that the Earth would require an additional 75,031 km 2 of coral reef area with the same productivity and resilience as the studied reefs to ensure that current catches are sustainable-an area that is equivalent to 3.7 Great Barrier Reefs.
Human population size and coral reef area were significant predictors of ecological-footprint size and explained 49% of the variation (F 2,45 = 21.8, p < 0.001, n = 49; Figure 3 ). This is consistent with empirical island-scale field studies that have shown that the number of islanders per unit of coral reef is a good predictor of both fishing effort and the direct and indirect effects of fishing [9] [10] [11] . The close correlation between coral-reef-fisheries footprints and human population density allowed a forecast, using island-specific human population projections, of future footprints to 2050. The combined coral reef footprint across all islands is projected to increase by w160% between now and 2050 under the UN Population Division's growth scenarios. The overall coral reef area appropriated by 2050 is projected to be 313,271 km 2 . This is equivalent to a deficit of 196,041 km 2 of coral reef (Table 1 ). This estimate of future fisheries landings and sustainability could also be influenced by the potential abandonment of atolls as a result of projected sealevel rise (lowering fishing pressures) and bleachinginduced coral mortality (lowering reef productivity).
Discussion
We reveal a high overall level of unsustainability in island coral reef fisheries worldwide. However, there is considerable variation among islands, and many coral reef fisheries, particularly in the Pacific Ocean, appear sustainable. There are five reasons why we should not be complacent about the status of these island fisheries and why we may have overestimated sustainability. First, coral reef catches may be greater than estimated because a large proportion of reef landings go unreported as a result of difficulties in recording catch from diverse multispecies fisheries in remote places [6, 12] . Overall underreporting of landings is almost unknown, but in American Samoa reconstructed coral-reef-fisheries catches were 17-fold greater than reported in official FAO statistics [13] . Second, the overall ecological footprint is underestimated by approximately 10% because we conservatively included nine islands with collapsed fisheries, yet apparently sustainable footprints. Third, a proportion of FAO landings (marine fish ''not elsewhere identified'') which may have been coral reef derived were excluded from the analysis (see Supplemental Data). Fourth, our analysis did not incorporate the impacts of the trade in ornamental, aquarium, and live-food fishes [8] . Finally, estimates of sustainable yields assumed that fisheries productivity has not been affected by ongoing coral reef degradation and loss [14] . This is unlikely because the removal of top predators and herbivores by fishing can have detrimental cascading effects on coral reef structure and function, effects that may also reduce fisheries productivity [11, 15, 16] . Climate change is expected to have substantial impacts on reef health and productivity [17, 18] , and future work could consider the interaction of overexploitation with bleaching-and disease-induced coral loss. The effects of lower-thanexpected sustainable yields and underestimated catches suggest that our footprints are conservative Our estimate of the proportion of islands that are unsustainably exploited is consistent with findings of a qualitative indicator-based assessment that found 36% of the world's reefs at risk from overexploitation [19] . The trade in live reef fish alone is highly unsustainable, with ecological footprints of 2.5 and 6 in the IndoPacific Ocean and South East Asia, respectively [8] . These continental live-reef-fish-fishery footprints are considerably greater than the island footprints reported here (average island footprint = 1.42), commensurate with the greater population densities and diversity of impacts affecting continental coastlines.
Coral reef fisheries account for a small fraction (2%-5%) of global fisheries catches [20] . However, the global importance of these fisheries lies not in the absolute magnitude of the catch, but in terms of their contribution to the protein and income needs of the poorest people in the developing world [6, 21] . Millions of people and thousands of communities are dependent on coral reef fisheries [22] . Unchecked, the high levels of current and projected overexploitation can only lead to longterm social and economic hardship for islanders, and forgone development opportunities [3] . The size of the reef-fishery footprint indicates the scale of the management challenge to ensure sustainable use. Given high If regulation is ineffective, overexploitation and collapse will occur. The dashed line shows the multispecies maximum sustainable yield (MSY), which will be the sum of the sustainable yields of the component species. Species in the multispecies community respond differently to fishing as a consequence of their life histories, and thus multispecies MSY will vary with exploitation and community composition. The development and demise of a fishery can be categorized into four phases: underexploited (catch < MSY, ecological footprint < 1), fully exploited (catch z MSY, footprint < 1), overexploited (catch > MSY, footprint > 1), and collapsed (catch < MSY, footprint < 1). levels of dependency on reef fisheries, the catch reductions needed to move overexploited and collapsed fisheries toward sustainability are unlikely to be achieved without identifying and supporting alternative livelihoods for many of the people currently dependent on reef fisheries [23] . Thus, the move toward ecological sustainability, whether driven by rights-based management, marine protected areas, or other tools, will only be achieved if reliance on current total catches can be reduced-an essential action but one that lies largely outside the control of conventional fisheries management [6] . At the island scale, comparison of sustainable and unsustainable fisheries could provide further insight into the social, economic, and ecological factors that favor sustainability. This insight, coupled with a more detailed understanding the compounding effects of climate change, disease, pollution, and acidification, would help support more effective management, but only if the issues surrounding socioeconomic dependency are also addressed.
Experimental Procedures Selection of Countries and Territories
We considered only noncontinental coral reef island countries and territories because we had more confidence that we could attribute their fisheries landings to source ecosystems than for continental nations and islands (e.g., Australia). This study encompasses 41% of the global coral reef area and almost one million metric tons (mt) of landings, representing 23%-69% of global coral-reef-fisheries landings (assuming a total global annual landing of 1.4-4.2 million metric tons) [5] .
Calculation of Ecological Footprints
Ecological footprints represent the effective reef area appropriated by fishers to provide ecosystem products and services. The ecological footprint of coral reef fisheries was calculated for each island as the ratio of resource consumption (i.e., reef-derived landings) to sustainable reef-fisheries production [8, 24] . Resource consumption was calculated from fisheries landings statistics reported to the Food and Agriculture Organization (FAO) FISHSTAT database. Positive ecological footprints (>1) represent unsustainable exploitation. We report footprints as the total coral reef area appropriated by the current levels of fisheries exploitation. Landings were disaggregated to species level, where possible; then, reef-derived consumed fish, molluscs, and crustaceans were extracted for each island for each year. The rules used to assign FAO landings statistics to taxonomic categories and ecosystems and an evaluation of the robustness of conclusion to different categorizations are detailed in the Supplemental Data. Mean consumed coral-reef-fishery landings were calculated for each island from 1997 to 2001 and expressed as kg $ person 21 $ yr
21
. Sustainable reef-fisheries production was derived by multiplying the coral reef area of each island country [25] by an estimated maximum sustainable yield for seafood derived only from coral reefs [8] . Coral-reef-fishery yields range from 0.2 to 40 mt $ km . Island reef fisheries status is represented by four symbolsgreen squares, underexploited; orange circles, fully exploited; red triangles, overexploited; and black diamonds, collapsed.
(n = 79) [12, 21, 26] . The higher yields come from small shallow areas of actively growing coral reef, and the lower yields are associated with coralline shelf areas including sand, rock, and other substrata [21, 27] . We used an average sustained yield of w5 mt $ km [8, 12, 27] (Table S5) . We assume a single maximum sustained yield; however, this value is likely to vary locally depending on a range of factors-for example, island size, reef area, species richness, and the mean trophic level of catch [28] .
The Exploitation Status of Coral Reef Island Fisheries
We searched primary and secondary literature and global and regional fisheries databases, and we questioned local scientists and fisheries officers for estimates of the status of the inshore coral reef fisheries of each island. We categorized these status estimates into four stages of fisheries development: (a) underexploited, (b) fully exploited, (c) overexploited, and (d) collapsed [29] . Where there were signs only of local overexploitation, these islands were scored conservatively as under-or fully exploited. Countries were scored as overexploited only when there was evidence for widespread depletion of target species to levels of abundance that were inconsistent with obtaining high and sustainable catches. Countries with a footprint of <1 and overexploited status were scored as collapsed (see Supplemental Data for full details).
Correlates of Coral Reef Fisheries Footprints
Eleven dependent variables were considered on the basis that each might have some direct or indirect effect on coral reef productivity, and therefore on the sustainability of coral reef fisheries (Table S6) . The minimum adequate model was sought via information-theoretic model selection with Akaike's information criterion (AIC). The two most significant predictor variables were total human population size (t = 6.2, p < 0.0001) and total coral reef area (t = 24.9, p < 0.0001). We collapsed both variables to give the number of people per square kilometer of coral reef (people 21 $ coral reef km 22 ). The calculation of the future island coral reef footprints is detailed in the Supplemental Data.
Supplemental Data
Supplemental Data include Experimental Procedures, one figure, and six tables and are available with this article online at http://www. current-biology.com/cgi/content/full/17/7/655/DC1/.
